Thermocline storage concept has been considered for more than a decade as a possible solution to reduce the huge cost of the storage system in concentrated solar power (CSP) plants. However, one of the drawbacks of this concept is the decrease in its performance throughout the time. The objective of this paper is to present a new thermocline-like storage concept, which aims at circumventing this issue. The proposed concept consists of a storage tank filled with a combination of solid material and encapsulated PCMs, forming a multi-layered packed bed, with molten salt as the heat transfer fluid. The performance evaluation of each of the prototypes proposed is virtually tested by means of a detailed numerical methodology which considers the heat transfer and fluid dynamics phenomena present in these devices. The virtual tests carried out are designed so as to take into account several charging and discharging cycles until periodic state is achieved, i.e. when the same amount of energy is stored/released in consecutive charging/discharging cycles. As a result, the dependence of the storage capacity on the PCMs temperatures, the total energy and exergy stored/released, as well as the efficiencies of the storing process are compared for the different thermocline, single PCM, cascaded PCM and multi-layered solid-PCM (MLSPCM) configurations. The analysis shows that the multilayered solid-PCM concept is a promising alternative for thermal storage in CSP plants.
Thermal energy storage (TES) systems are an essential feature to make a major profit of solar 2 energy. These systems allow using the thermal energy stored in hours of high solar radiation in times of 3 lower radiation and higher energy demands, reducing the mismatch between the supply and demand.
4
In solar power generation stations, the incorporation of TES systems produce an increase in system 5 reliability and generation capacity, and a decrease of the levelized cost of electricity (LCOE) [1, 2] .
6
For concentrated solar power plants (CSP) the current standard for thermal energy storage is the fluid stays at the bottom. As a consequence, a vertical temperature gradient is formed which is called 
26
Phase change materials (PCM) can also be used to store energy, using less storage material than 27 would be used with a sensible energy storage medium, taking advantage of the latent energy changes 28 during a phase change. The resulting storage device should be more compact, and hopefully cheaper,
29
than one that only makes use of the sensible energy changes. Thermal storage devices using encapsu- gravity-assisted heat pipes for CSP. They performed numerical simulations using a thermal network 37 model and evaluated thermal performance of the different designs after a single charge/discharge cycle. 5. Natural convection and contact melting inside the PCM capsules are neglected.
105 6. Heat conduction between different filler material particles/capsules is not considered.
7. Negligible radiation heat transfer.
107
The energy conservation equations are discretized using the Finite Volume Method (FVM). The 108 tank is divided in N x transversal cylindrical sections of height ∆x (see Fig. 1a ). In each tank 109 section, a single representative particle/capsule needs to be simulated, as all are affected by the same 110 fluid temperature due to the one-dimensionality assumption. This filler particle/capsule, assumed as 111 spherical, is discretized in the radial direction in N r control volumes, as shown in Fig. 1b . 
where T i,0 is the temperature of the internal surface of the particles/capsules (boundary node in fig.   117 1b). In the advective term (second in the right hand side) the fluid is assumed to be coming from where and not only molecular diffusion. Therefore, the effective thermal conductivity is evaluated as follows:
where the stagnant effective thermal conductivity (k 0 ef f ) is determined here as in [28] :
and the effective conductivity due to thermal dispersion (k The energy balance for the inner nodes (j = 1...N r ) of the filler material remains:
while for the boundary node (j = 0), in contact with the heat transfer fluid, results in:
In order to solve these equations it is necessary to define a relation between the enthalpy and the 137 temperature of the filler materials. Considering constant specific heats for each phase, these relations
138
are: 
By taking a very narrow temperature range ( To determine the pressure drop in the packed bed, the following momentum equation is solved:
where
Eq. (6) is the Carman correlation for packed beds, which is generally used for solid objects forming 151 a bed [30] . In this equation x increases from the bottom to the top, and therefore, the positive sign is 152 used in the discharge of the tank while in the charge process the negative sign is used. The last term 153 accounts for the pressure reduction/increase due to the gravitational action. 
Exergy

155
For evaluating the power generating potential of the energy delivered by the thermal storage, the 156 exergy global balance of the heat transfer fluid is calculated in the following manner:
where used.
166
An upwind scheme with a first order explicit time integration has been adopted for the advective and fully implicit time integration have been adopted.
183
The algorithm used is similar to that indicated in [25] , except that more than one iteration through The first case used to validate the model is that coming from the experimental work of Pacheco 191 et al. [5] . There, a thermocline tank filled with quartzite rock and sand was tested, using molten 
195
The thermo-physical properties of the molten salt and of the mixture of quartzite rock and sand 196 are indicated in Table 2 . The HTF mass flow, which has been calculated following the same strategy 197 as in [32] , is set to 5.852 kg/s. The porosity is 0.22 and the effective particle diameter is 0.015 m.
198
The initial state adopted in the simulations is the temperature map obtained from the experimental from the original work of Pacheco et al. [5] and simplifications of the numerical model.
211
The second validation case corresponds to the charging of a tank filled with encapsulated PCM,
212
from the experimental work of Nallusamy et al. [33] . All the configuration parameters and properties
213
have been adopted from that work. applications. The thermocline prototype tested by Pacheco et al. [5] , is adopted as a reference case 231 from which the operating conditions and tank global dimensions are taken.
232
Usually, in a CSP plant, the outlet temperature in the discharge process is limited by the minimum 233 temperature that is admissible for the fluid feeding the power block. Similarly, for the charging process, sections is less than 5% in all the cases, and therefore, the accuracy obtained is assumed to be good 255 enough. • The geometry of the tank and operating conditions are the same for all the cases. Diameter PCM. Moreover, a shell thickness of 0.4 mm is assumed for the PCM capsules.
262
• The operation time is not fixed. Instead, outlet temperature limits are imposed, which force the 263 end of each process (charge or discharge) if the outflow temperature is not within these limits.
264
These temperature intervals will be referred to as "admissible" temperature ranges. Here, both 265 admissible ranges have been assumed to be 15% of the maximum temperature interval (100℃);
266
i.e. in the charging phase, the outlet fluid temperature is allowed to be between 290℃ and 267 305℃, while in the discharge it must be between 375℃ and 390℃.
268
• Molten salt flow is fixed to 5.852 kg/s for both processes.
269
• Ambient losses are neglected [U amb = 0 in Eq. (1)].
270
• Several consecutive charge/discharge cycles are simulated until a periodic thermal state is reached, i.e. when there is no variation of stored/released energy between consecutive cycles. Since ambi-272 ent losses are neglected, in the periodic state the same energy that is stored in the charge must 273 be released in the discharge.
274
As the admissible temperature intervals for both charge and discharge processes are quite narrow,
275
outlet fluid temperatures for all the cases here studied are very similar. Therefore, a higher operation 276 time is directly related to a higher stored (or released) energy.
277
In 
KOH300 (100%) B3
MLSPCM: KOH380-Qu-KOH300 (20%-60%20%) C1
MLSPCM: KOH380-Qu-KOH300 (40%-20%40%) C2
MLSPCM: KOH380-Qu-KOH300 (10%-80%10%) C4
MLSPCM: KOH380-Qu-KOH340-Qu-KOH300 (20%-20%-20%-20%-20%) D1
MLSPCM: KOH380-Qu-KOH340-Qu-KOH300 (20%-25%-10%-25%-20%) D2
KOH380-KOH370-KOH340-KOH310-KOH300 (32%-15%-6%-15%-32%) F1
KOH380-KOH370-KOH340-KOH310-KOH300 (32%-9%-18%-9%-32%) F2
a Materials KOHXXX (where XXX is a 3 digit number) are fictitious PCMs with fusion temperatures indicated by the number XXX (e.g. 300℃), whose thermal properties are equal to those of KOH (melting point = 360℃). The order in which the materials are indicated is the one in which they are placed inside the tank, from the top to the bottom.
Between brackets, the proportion of the tank height occupied by each filler layer is indicated. Table 2 shows the physical properties used in the simulations. only encapsulated PCM (cases B1-3 and F1-2), the sensible energy capacity is higher than the latent 296 one. This is due basically to two reasons: first, the temperature jump is relatively high, making the 297 sensible energy capacity of the PCMs to be equal to their latent energy capacity (C p ∆T = L); and 298 second, the HTF confined inside the tank contributes with an extra sensible energy capacity.
299 Table 3 : Mass confined inside the tank and storage capacity. A  B1  B2  B3  C1  C2  C4  D1  D2  F1 Pressure losses due to filler bed (Pa) < 400 < 100 < 100 < 100 < 250 < 150 < 350 < 200 < 250 < 100 < 100 a In cases where the charge and discharge operation times are different, (e.g. B2 and B3) the mean value between processes is shown.
Mass data (ton)
(e) Periodic state charge (f ) Periodic state discharge material is lower than in the 1 st charge process, the heat transfer rate, and thus the thermal gradient
315
(in absolute value), are also lower in the 2 nd charging.
316
Therefore, during the consecutive charging/discharging cycles, the thermal gradient tends to get
317
"flattened" until a periodic unsteady state is reached. Due to this thermocline degradation, the 318 stored/released energy in this periodic state is lower than those of the previous cycles, and so is the 
324
Once the periodic state is reached, symmetry between processes can be observed; and therefore, 325 the energy which is stored in the charge is later delivered in the discharge. This is due to having 326 disregarded the thermal losses to the ambient. 
Cases B1-3: Encapsulated PCM
328
A first look into the storage capacity values of Table 3 can induce the reader to think that a storage 329 tank filled with an encapsulated PCM should store more energy than the same tank filled with a solid 330 filler material. However, results shown in Table 4 reveal a different situation.
331
Prototype of case B1 is filled with a single encapsulated PCM with a fusion temperature of 360℃
332
(KOH), which is well between the operating temperatures of the storage system.
333
The temperature maps of the HTF inside the tank at various instants for the first two and periodic temperature gradient ranging from 390℃ to 360℃, which for the final state is located at a distance of 339 around 3.6 m from the bottom. Therefore, only a portion of the available latent heat has been used.
340
Moreover, the sensible energy capacity of both the PCM and HTF is much less harnessed than in case
341
A. Thus, the initial condition for the subsequent discharge is one where only a part of both the latent 342 and sensible energy capacity can be exploited. An important observation is that the melting point of KOH lies outside the admissible temperature 344 ranges for both charging and discharging processes. In the figure it can be observed how the tem- capsules receive the HTF with a temperature equal to the melting point, not being able to melt. Since the threshold temperature is lower than the melting point, the charging process ends before all the 349 PCM has melted, when the capsules located at the outlet (top) cannot bring the HTF temperature 350 below the threshold, with the use of their sensible energy capacity alone.
351
At the periodic state, the area between the initial and last temperature curves is somewhat higher 352 than those corresponding to the initial cycles (except from the 1 st charge). Furthermore, the location 353 of the phase-changing layers has been shifted slightly to the center of the tank.
354
Cases B2 and B3 have the common feature of using PCMs whose melting points lie inside each of process (290℃-305℃).
359
Temperature maps for the periodic state of both cases are shown in figures 8 and 9. A first 360 observation is that the area between the initial and final maps for both cases is higher than that of 361 case B1. As a result, a higher energy is stored in both cases, as can be observed in Table 4 .
362
In these cases, due to the more "intelligent" choice of the melting points, a higher utilization of the solidified. Since this temperature is inside the admissible range, the process does not stop, and the 368 rest of the upstream filler material can be thermally discharged.
369
Due to the symmetry between key temperatures of cases B2 and B3 (melting points, thresholds and 370 operating range), the resulting temperature maps for the periodic state are also symmetric. Charging 371 process of case B2 looks the same as the discharging process of B3, with a shift of the sense in which 372 both axis increase. Furthermore, the results of both cases shown in Table 4 are almost identical.
373
However, a slight difference is encountered in the value of exergy delivered in the discharging phase.
374
Result for case B3, with a PCM melting point of 300℃ is slightly higher than that of case B2, where 375 a melting point of 380℃ has been adopted. This result may seem strange, since one could think that 376 a higher melting point of the PCM should result in a higher amount of hot fluid coming out of the 377 tank and a higher amount of exergy delivered in the discharge. The explanation for this result can 378 also be extracted from the temperature maps shown in figures 8 and 9. In case B2, the temperature 379 of the outgoing fluid in the discharge is seen to be the PCM melting point during most of the process 380 (Fig. 8b) ; while in case B3, it is observed that during most of the discharging phase, the outlet fluid 381 temperature is the maximum possible (Fig. 9b) . The reason for this is that the low melting point 
Cases C1-3, D1-2: Multi-layered solid-PCM (MLSPCM)
Results obtained with cases B1 -B3 show that even in the best case, only a little amount of PCM 390 is effectively changing phase in a cycle (less than 15%). Moreover, the results of cases B2 and B3
391
show that an effective way of increasing the stored energy of an encapsulated PCM tank is to choose a 392 PCM whose fusion temperature lies between an admissible temperature interval for either one of the 393 processes (charge or discharge). Thus, the PCM capsules located at the end of the tank, where the 394 HTF temperature is close to its melting point, act as a thermal buffer maintaining a desirable outlet 395 temperature, while the rest of the tank is charged (or discharged) with sensible energy.
396
Therefore, a tank which is filled with PCM in such a way that most of it can effectively undergo 397 through the phase change, together with the inclusion of a cheaper solid filler material to store the 398 sensible energy, should be a much more efficient and cost-effective thermal storage device.
399
Hence, all the configurations studied in this section contain PCM layers at both extremes, one 400 with a high melting point placed at the top of the tank (hot zone) and another with a low melting 401 point placed at the bottom (cold zone), together with solid filler material placed in between.
402
The symmetry of the proposed problem, given the operation conditions,induces to design the 
411
Performance results of the three cases, in Table 4 , show a significant improvement with respect 412 to cases A and B1-3. The "buffering" effect of the PCM at both ends can be appreciated in figures successive processes in the latter case, while 74% is the corresponding value for C1 and 38% for C2.
419
In terms of total storage, C1 stores around 4% less than C2, while C4 is around 8% worse than C2.
420
Regarding the values of fraction of energy stored in the form of latent heat, it can be observed losses, the energy stored in the charge is the same as that delivered in the subsequent discharge.
438
Furthermore, the same amount of PCM that melts in the charge, is solidified in the next discharge.
439
For this reason, if 10% of the total available energy is used to melt the high melting point PCM, then 440 only this same amount will be delivered by it in the subsequent discharge. Given the symmetry of the 441 problem, the same reasoning can be applied to the low melting point PCM.
442
Therefore, as each PCM layer can only theoretically store around 10% -12% of the total available 443 energy, both PCMs can sum up to 20% -24% of it, at most. Case C1 and C2 both result in a latent 444 storage of 20%. C4, having significantly less amount of PCM, only reach to around 13%. shows that the latent capacity of prototype C1, C2 and C4 is around 21%, 34% and 12%, respectively.
446
This is the reason why in case C2 only a small fraction of the PCM effectively changed phase, having 447 a higher latent heat capacity fraction than the theoretically possible. Case D1 is seen to behave worse than the previous C1-3 cases. Figure 13 shows 
Cases F1-2: Cascaded PCMs
468
In the cascaded PCM configurations considered here, as in MLSPCM cases, PCM layers located 469 at both ends with melting points lying inside the admissible ranges are included.
470
The difference between these prototypes and MLSPCM ones, is that no solid filler material is other authors, e.g. Michels and Pitz-Paal, [13] . A sketch of configuration F1 is depicted in figure 5c.
474
The difference between F1 and F2 is in the width of the three middle layers, where the PCMs with middle PCM with a temperature equal to the operating temperatures mean value (KOH340).
478
Results of Table 4 show that the performance of case F1 is significantly better than that of case is a critical aspect in the final performance.
489
Case F1 has been the best of all the studied cases in thermal storage capacity. The energy stored 490 is around 15%, 10%, 20% and 9% higher than for cases C1, C2, C4 and D2, respectively. However, the 491 efficiency in the use of the storage capacity is not very high (65%), with 61% of the PCM effectively 492 changing phase.
493
Some other cascaded PCM cases with different layer thicknesses have been tested (not presented),
494
with the result of F1 being the best of all. It might be possible to find other arrangements, with the 495 same PCM layers, with better performance, although it is the authors belief that this arrangement is 496 close to the best possible results.
497
Considering that an encapsulated PCM is probably much more costly than the solid filler material,
498
MLSPCM prototypes can be expected to be more cost-effective than cascaded PCM, also considering 499 the better efficiency of the former in the use of PCMs latent heat.
500
(a) Charge (b) Discharge 
